The equilibrium clumped isotope composition of carbonate minerals is independent of the composition of the aqueous solution. However, many carbonate minerals grow at rates that place them in a non-equilibrium regime with respect to carbon and oxygen isotopes with unknown consequences for clumped isotopes. We develop a process-based model that allows one to calculate the oxygen, carbon, and clumped isotope composition of calcite as a function of temperature, crystal growth rate, and solution pH. In the model, carbon and oxygen isotope fractionation occurs through the mass-dependent attachment/detachment kinetics of the isotopologues of HCO − 3 and CO 2− 3 to and from the calcite surface, which in turn, influence the clumped isotope composition of calcite. At experimental and biogenic growth rates, the mineral is expected to inherit a clumped isotopic composition that is similar to that of the DIC pool, which helps to explain (1) why different organisms share the same clumped isotope versus temperature calibration curves, (2) why many inorganic calibration curves are slightly different from one another, and (3) why foraminifera, coccoliths, and deep sea corals can have near-equilibrium clumped isotope compositions but far-from-equilibrium carbon and oxygen isotope compositions. Some aspects of the model can be generalized to other mineral systems and should serve as a useful reference in future efforts to quantify kinetic clumped isotope effects.
Introduction
Clumped isotope geochemistry, or the study of bond ordering in molecules, is at the frontier of efforts to use temperature proxies for reconstructing ocean chemistry (Came et al., 2007) , estimating the uplift rate of mountains (Ghosh et al., 2006b) , studying diagenetic processes (Dennis and Schrag, 2010) , sourcing methane (Stolper et al., 2014 Wang et al., 2015) , identifying signatures of biology in the atmosphere (Yeung et al., 2015) and even investigating the thermal physiology of dinosaurs (Eagle et al., 2011) . The most widely-used clumped isotope thermometer is based on the homogeneous reaction (Ghosh et al., 2006a) 
which describes the extent to which the rare isotopes 13 C and 18 O are bound together as 'clumps' among the carbonate molecules. The equilibrium constant for this reaction, which can be applied tope systematics relative to oxygen or carbon isotope systematics, the models have remained largely conceptual Tripati et al., 2015) or based on analogies to gas phase processes such as Knudsen diffusion and mixing of indestructible molecules (Thiagarajan et al., 2011; Henkes et al., 2013) . In this paper we employ a process-based crystal growth model to investigate the complex interplay between carbon, oxygen, and clumped isotope systematics during carbonate growth under nonequilibrium conditions. The non-equilibrium isotope effects attending carbonate precipitation are quantified by considering the mass-dependent transport of isotopologues of CO 2− 3 and HCO − 3 to and from the mineral surface. In this framework, the carbon isotope composition is calculated from the ratio of 13 3 ) species has a different equilibrium carbon, oxygen, and clumped isotopic composition (Zeebe and Wolf-Gladrow, 2001; Beck et al., 2005; Hill et al., 2014) , the net carbon and oxygen isotopic composition of calcite depends on the relative proportions of HCO − 3 and CO 2− 3 participating in calcite growth, the isotopic compositions of dissolved HCO − 3 and CO 2− 3 , and any isotopic fractionations (equilibrium or kinetic) between calcite and each species that arise during ion transport onto, or away from, the mineral surface. The processes could include aqueous diffusion, isotope exchange reactions in aqueous solution, desolvation, surface diffusion and isotope exchange reactions at or near the aqueous-mineral interface. For clumped isotopes, the 13 C 18 O 16 O 16 O isotopologue (mass 63) is postulated to follow a mass fractionation law that is mathematically related to the behavior of the mass 62 and mass 61 isotopologues.
Notation

Notation for carbon and oxygen isotopes
The difference in isotope composition between any two chemical species or phases can be expressed in terms of an isotopic fractionation factor (α). The fractionation factors between calcite and DIC (for carbon isotopes) and calcite and water (for oxygen isotopes) are given by: 
where the subscript 'xtl' refers to calcite and 'w' refers to water. The equilibrium isotope compositions for species dissolved in aqueous solution are plotted as curves in Fig. 1 . The fractionation factors used to construct these curves are provided in Table 1 along with the appropriate references. Note that the oxygen isotope composition of DIC varies with pH because it represents a weighted average of the isotopic composition of individual species. The carbon isotope composition of DIC is also a weighted average of DIC, but is constant with pH because DIC is the only carbon in the system (there is no carbon in H 2 O). Hence, the carbon isotope composition of each dissolved species must vary as a consequence of mass balance (cf. Zeebe and Wolf-Gladrow, 2001 ).
All model calculations in this paper will be done under the assumption that the system is water buffered such that the equi- Oxygen isotope compositions expressed relative to water. Since water is by far the predominant oxygen-bearing species in aqueous solution, mass balance dictates that the oxygen isotope composition of DIC vary with pH. Bottom: Carbon isotope compositions expressed relative to DIC. Since all of the carbon in aqueous solution is stored in DIC, mass balance dictates that the carbon isotope composition of DIC be constant with pH. Also shown are proposed curves for the equilibrium stable isotope composition of calcite. See Table 2 
and the asterisk in Eq. (4) denotes the stochastic ratio, which can be calculated from knowledge of the oxygen and carbon isotope compositions 
where the AFF depends on the temperature of acid digestion (Defliese et al., 2015) , the sample size (Wacker et al., 2013) , and perhaps also the clumped isotope composition of the carbonate mineral itself . These details are important to consider when comparing model results to measurements on natural samples. 
Isotope versus isotopologue ratios
The factor of 1/3 for oxygen isotopes comes from the fact that there are three oxygen atoms in the CO 
Note that here, and throughout the paper, we ignore the contribution of hydrogen to the mass of HCO − 3 isotopologues such that mass 63 refers to the doubly-substituted isotopologue of HCO 
Ion-by-ion model for carbon and oxygen isotopes
Kinetic isotope effects in carbonates can arise from incomplete carbon and oxygen isotope exchange among DIC species or during transfer of HCO are the known equilibrium values (Beck et al., 2005; Zeebe, 2007; Wang et al., 2013) . The picture is considerably more complicated when the DIC species are not isotopically equilibrated because, at any given instant, the isotopic compositions of HCO are poorly constrained due to limited knowledge of the isotope exchange kinetics and pathways associated with (de-)hydration and (de-)hydroxylation of dissolved CO 2 (Guo, 2009) . It is therefore constructive to focus on the case where the isotopic composition of HCO − 3 and CO 2− 3 are known and constant (i.e., equilibrated) and then discuss the consequences of an unequilibrated DIC pool.
Our starting point is a model for a cubic crystal (an approximation to the calcite rhombohedron) where the attachment and detachment fluxes (moles m −2 s −1 ) of calcium and (bi-)carbonate ions to and from the mineral surface are given by Wolthers et al. (2012) :
and
where ρ c is the steady-state kink site density (dimensionless), AR is the molar density of calcite and y 0 (m) is the step spacing. The attachment and detachment rates are calculated from the model of Wolthers et al. (2012) and depend on factors such as temperature, pH, salinity, and the calcium:carbonate ratio of the solution (see next section). The net flux of an individual ion is given by the difference
and the net growth or dissolution rate of the crystal (R c ) is given by
net .
Expressions for the carbon and oxygen isotope composition of non-equilibrium calcite
In the ion-by-ion growth model for oxygen isotopes derived in our previous work (Watkins et al., 2014) , the difference in oxygen isotope composition between calcite and water is related to the rates of isotopologue attachment to (AR i ; i is isotopologue mass), and detachment from (DR i ), the mineral surface, as well as the relative contribution of each DIC species to the overall kinetic fractionation:
where
and φ is the ratio of bicarbonate to carbonate dissolved in solution. The α's are the calcite-water fractionation factors in the slow-growth limit (α eq,O xtl−w ) and fast-growth limit (α f,O xtl−w ), as discussed further below. These expressions are identical to Eqs. 18a and 18b in Watkins et al. (2014) . The attachment and detachment rates (s −1 ) of the major isotopologues are given by Wolthers et al. (2012) (19) where the k's (M −1 s −1 ) and ν's (s −1 ) are mass-dependent attachment and detachment frequencies and the P 's are probabilities of a kink site being occupied by a bicarbonate, carbonate, or calcium ion on the crystal surface. All of the values in Eqs. (18) and (19), which apply only to the mass 60 isotopologue, are treated as known quantities taken from Wolthers et al. (2012) . Note that AR i includes the attachment rates of both B 1 and B 2 and DR i includes the detachment rates of both B 1 and B 2 . Because clumped isotope compositions are defined in terms of isotopologues, it is useful to cast Eqs. (17) in terms of isotopologue ratios instead of isotope ratios. It is also useful to have a consistent expression for the oxygen and carbon isotope fractionation factors; rather than cast oxygen isotope compositions relative to water and carbon isotope compositions relative to DIC, we hereafter write the non-equilibrium calcite isotope compositions relative to the carbonate ion for both carbon and oxygen isotopes. This makes for easier comparison between the expressions for carbon and oxygen isotopes and leads to cleaner expressions when we adapt the model for clumped isotopes. Expanding the α's and combining Eqs. (17a) and (17b) 
where the factors of 3R
because the factor of 3 that relates oxygen isotope ratios to isotopologue ratios in the crystal also shows up in the expressions for DIC species, and cancels out. The molar ratio of any isotopologue with mass i relative to the mass 60 isotopologue can then be given by: 
where (see Appendix A.1 for derivation)
which states that the non-equilibrium isotopic composition of calcite is a function of the specified equilibrium composition and the relative rates of ion attachment versus detachment of each isotopologue during crystal growth. The new expression for the oxygen isotope composition of calcite is:
and the analogous expression for the carbon isotope composition of calcite is:
where all terms with a superscript 'eq' are treated as knowns (Table 1). The AR 60 and DR 60 terms can be calculated using parameter values (attachment/detachment frequencies, kink formation energy, edge work, and speciation on the crystal surface) from the ion-byion calcite growth model of Wolthers et al. (2012) (see Tables 2  and 3 in Watkins et al., 2014 , for a summary). This leaves the kinetic fractionation factors as the only 'unknown' quantities needed to solve for the isotopic composition of non-equilibrium calcite. following Eqs. (22) and (23). At very low supersaturations (slow growth), the equilibrium composition of calcite is determined by the specified equilibrium fractionation factors. At high growth rates (kinetic limit), the composition of non-equilibrium calcite is determined by the kinetic fractionation factors and the relative proportions of HCO The two functions above are plotted versus the model-derived crystal growth rate (cf. Watkins et al., 2014) in Fig. 2 for arbitrary choices of the kinetic fractionation factors. The equations recover the equilibrium carbon and oxygen isotopic compositions in the limit of extremely slow growth. At fast growth rates, the modelderived isotopic compositions are dictated by the specified kinetic fractionation factors. More specifically, α f xtl−B 1 represents a kinetic limit to the degree of isotopic fractionation between calcite and CO 2− 3 while α f xtl−B 2 represents a kinetic limit to the degree of isotopic fractionation between calcite and HCO − 3 . This is most clearly seen at pH values where only one of the two dissolved species is participating in calcite growth. At pH values between 7 and 12, both HCO 
Ion-by-ion model for clumped isotopes
As is the case for carbon and oxygen isotopes, each DIC species in aqueous solution has a unique equilibrium clumped isotope composition (Hill et al., 2014 and the extent to which each species contributes mass 63 molecules to the crystal. This is the approach that is followed below. Before we begin, it is important to emphasize that although the isotopic ion-by-ion growth model is constructed on the basis of molecular building blocks of calcite, it does not require that HCO − 3 and CO 2− 3 be viewed as indestructible molecules throughout the steps involved in ion incorporation into the growing mineral (Watkins et al., 2014) . 
Calculating the
which states that the non-equilibrium abundance of mass 63 isotopologues in calcite is a function of the specified equilibrium composition and the relative rates of ion attachment versus detachment. As is the case for oxygen and carbon isotopes, the attachment-detachment kinetics for the heavier isotopologues differ slightly from those for the mass 60 isotopologue. (2014) , so all that is needed to obtain a model-derived 63 xtl are expressions for the stochastic ratios for B 1 , B 2 , equilibrium calcite and non-equilibrium calcite.
Expressions for the equilibrium stochastic ratios
Computation of the stochastic ratio of mass 63 to mass 60 isotopologues in each of the dissolved species and/or calcite requires knowledge of the 18 
which can be calculated for a given T , pH, and growth rate from the output of the ion-by-ion growth model for carbon and oxygen isotopes. The stochastic ratio for each of the equilibrated DIC species and equilibrium calcite can be written in terms of their oxygen and carbon isotopic compositions, which in turn, can be written in terms of the oxygen and carbon isotope compositions of CO 2− 3 and conventional fractionation factors: r eq,63
r eq,63
The equilibrium α's in the above equations are known from experiments (Beck et al., 2005; Zeebe, 2007; Wang et al., 2013) and natural cave calcites (Coplen, 2007; Kluge et al., 2014) .
Non-stochastic ratio for non-equilibrium calcite
We can now substitute the equations from the previous section into Eq. (28) to obtain:
eq,63 xtl 1000
eq,63 B1 1000
eq,63 B2 1000 
Stochastic ratio for non-equilibrium calcite
The stochastic ratio for non-equilibrium calcite can be obtained by using Eq. (29) 
This general expression links directly, for the first time, the stochastic ratio in calcite to physical quantities that describe the growth of calcite under non-equilibrium conditions. Validation of this expression is provided in Appendix A.2.
Generate final 63 xtl
We can now combine the non-stochastic ratio (Eq. (34)) and the stochastic ratio (Eq. (36) 1000
Most of the symbols in Eq. (38) can be treated as known quantities; if the equilibrium and kinetic fractionation factors for carbon and oxygen isotopes are known or specified, then the only two free parameters are the kinetic fractionation factors for the mass 63 isotopologue. As we show in the next section, however, the kinetic parameters for the mass 63 isotopologue are in fact constrained by the kinetic fractionation factors for the mass 62 and mass 61 isotopologues.
It should be noted that the equilibrium condition is recovered when the attachment rate is equal to the detachment rate. 
Although this expression does not lend itself to a simple interpretation, its behavior is remarkably straightforward to interpret once the kinetic fractionation factors for the mass 63 isotopologue are properly constrained.
What are the kinetic fractionation factors for clumped isotopes?
The fractionation factors for the mass 63 isotopologue are not independent of the fractionation factors for the mass 62 and 61 isotopologues. To see why this must be the case, we consider here the fractionation factors in the equilibrium limit and then apply the insights gained to the treatment of kinetic fractionation factors.
Relationship between doubly-and singly-substituted fractionation factors in the equilibrium limit
The equilibrium constant for the clumped isotope exchange reaction (Eq. (1) 
Eqs. (47) and (48) (48), which are nearly equal to unity, are important for ensuring that the equilibrium clumped isotope composition is recovered in the equilibrium (slow growth) limit.
Relationship between doubly-and singly-substituted fractionation factors in the kinetic limit
Using the expressions for the equilibrium fractionation factors as a guide, we propose the following form for the kinetic fractionation factors: 
where the B 1 and B 1 are expected to be small, on the order of 10 −5 , and could plausibly be positive, negative, or zero. We treat B 1 = B 1 = 0 as the reference case before demonstrating that even small values of B 1 and B 1 have a large influence on the modeled kinetic clumped isotope effects.
Results and discussion
What is the true equilibrium clumped isotope composition?
The first step in performing calculations based on Eq. (38) is to specify the equilibrium carbon and oxygen isotope composition of calcite relative to dissolved CO 2− 3 as well as the equilibrium clumped isotope composition of calcite. A conclusion drawn from recent laboratory experiments is that most biogenic and laboratory-grown carbonates form in a regime where their stable isotope compositions are not representative of true equilibrium (Dietzel et al., 2009; Watkins et al., 2013) . In natural settings, it is possible for inorganic calcite to grow slowly enough for equilibrium to be achieved, and one such example appears to be inorganic calcite from Devils Hole cave, Nevada, which formed under conditions of very low supersaturation at 33.7 • C (Coplen, 2007) . The clumped isotope composition of Devils Hole calcite determined by Kluge et al. (2014) is in agreement with the most recent, experimentally-produced inorganic calibration curve of Zaarur et al. (2013) , suggesting that (1) the slowly-grown calcites from Devils Hole are the best natural laboratory for anchoring the true equilibrium composition at their formation temperature of 33.7 • C, and (2) it is possible to obtain near-equilibrium clumped isotope compositions in the laboratory.
However, there are now several conflicting clumped isotope calibration curves that have been proposed, some of which are shown in Fig. 4 . The Zaarur et al. (2013) calibration is similar to the Ghosh et al. (2006a) calibration whereas the Hill et al. (2014) calibration is similar to the Dennis and Schrag (2010) and Kluge et al. (2015) calibrations (see Fig. 4 and Hill et al., 2014 for comparisons). The curves for these different calibrations intersect at about 34 • C, such that the Devils Hole cave cannot be used to argue in favor of one calibration over the others. Therefore, until other natural calcites can be identified as having formed under conditions that approach true thermodynamic equilibrium, assumptions must be made regarding the temperature dependence of the equilibrium 47 calcite . In the absence of available experimental data, calculated temperature dependencies of DIC species and calcite can be used (Hill et al., 2014) . The following equations are fits to the calculated data of Hill et al. (2014) 51b) and Fig. 3 . Experimental constraints on kinetic oxygen and carbon isotope fractionation factors. For both isotopic systems, the equilibrium isotopic composition is inferred from slowly-grown calcites at Devils Hole cave, Nevada (Coplen, 2007) . Top: Results from experiments at T = 25 • C and pH = 8.3 where inorganic calcite was precipitated in the presence of carbonic anhydrase (Watkins et al., 2014) . Bottom:
Results from experiments at T = 25 • C and pH = 6.6 to 7.3 where inorganic calcite was precipitated in the presence of a DIC pool with known δ 13 C (Romanek et al., 1992) . The kinetic fractionation factors used to construct the model curves are (Tripati et al., 2015) .
Kinetic fractionation factors
Once the equilibrium fractionation factors are specified, one must then input the kinetic fractionation factors for carbon and oxygen isotopes. For oxygen isotopes, the kinetic fractionation factors have been inferred from the pH-dependence of α O xtl−w measured from calcites precipitated in the presence of an isotopically equilibrated DIC pool (Watkins et al., 2014) . For carbon isotopes, the existing data are restricted to pH < 7.8 (Romanek et al., 1992) from which the kinetic fractionation factors are inferred to be close to unity (Fig. 3) . Although it is not immediately obvious, the choice of kinetic fractionation factors for oxygen and carbon isotopes is actually not important when it comes to modeling the clumped isotope composition of non-equilibrium calcite because the kinetic Fig. 4 . Four different calibrations of the clumped isotope thermometer with 95% confidence intervals, presented in the absolute reference frame (Dennis et al., 2011) and normalized to a 25 • C acid digestion temperature. The agreement between slowly-grown Devils Hole calcite with the calibration curves has been used to argue that Devils Hole represents the best natural laboratory for measuring the true equilibrium composition (Kluge et al., 2014) . Because the curves intersect at the approximate temperature of the Devils Hole samples, however, Devils Hole calcite cannot be used to argue in favor one calibration over the others.
fractionation factor for the mass 63 isotopologue is written as the product of the kinetic fractionation factors for carbon and oxygen isotopes (Eqs. (49) and (50)). An outcome of this relationship is that the results for clumped isotopes have an extremely weak dependence on the input values for the carbon and oxygen kinetic fractionation factors because of how clumped isotope compositions depend upon the carbon and oxygen isotope composition of calcite via the stochastic distribution. For any reasonable range of carbon and oxygen kinetic fractionation factors, the results for clumped isotopes are essentially independent of those factors. As shown in the model outputs presented below, the important parameters dictating the rate-and pH-dependence of kinetic 63 effects in non-equilibrium calcite are the small values in Eqs. (49) and (50).
Model behavior
Although Eq. (38) is a complicated algebraic expression, the behavior that emerges is relatively straightforward to interpret. The modeled rate-dependence of 63 xtl is presented in Fig. 5 (top) for the reference case where B 1 and B 2 are equal to zero. The curves have a similar to shape to those for oxygen isotopes and carbon isotopes; in the limit of extremely slow growth, the clumped isotope composition is equal to the specified equilibrium composition, and with increasing growth rate, there is an asymptotic approach to a kinetic limit on 63 xtl . The pH-dependence for both the slowand fast-growth limits is shown in Fig. 5 (bottom) . When the B 1 and B 2 parameters are equal to zero, calcite acquires the clumped isotope composition of DIC in the limit of fast growth. This is analogous to the case for oxygen (or carbon) isotopes where the forward fractionation factors are equal to one.
There is no reason to believe a priori that the B 1 and B 2 parameters should be exactly equal to zero based on Eqs. (47)-(50). Fig. 6 shows the pH-dependence at two different (relatively fast) growth rates for additional scenarios where B 1 and B 2 = 0.
Also shown are the corresponding curves for carbon and oxygen isotopes for arbitrary choices of the kinetic fractionation factors. A positive value of B 1 or B 2 describes an increase in bond ordering at the mineral surface relative to the dissolved species (curves labeled "1"). Conversely, a negative B 1 or B 2 corresponds to a decrease in bond ordering relative to the dissolved species (curves Fig. 5 . Modeled rate-and pH-dependence of the clumped isotope composition of non-equilibrium calcite. Top: The rate-dependence behaves in much the same way as for carbon and oxygen isotopes (see Fig. 2 ) insofar as the clumped isotope composition in the fast-growth limit depends on the weighted sum of the clumped isotope compositions of DIC species participating in calcite growth. Bottom: The pHdependence for the two limiting cases of slow growth and fast growth. If the B1 and B2 = 0, fast-grown calcite acquires the clumped isotope composition of DIC, regardless of the kinetic fractionation factors for oxygen and carbon isotopes (see text). Although this figure only depicts processes at 25 • C, the second y-axis shows the apparent equivalent temperatures for several chosen 63 i values using the Hill et al. (2014) equilibrium calcite calibration. Note that since calcite dissolves at low pH, the model only applies at pH above about 7.
labeled "3"). It is also possible for B 1 and B 2 to have opposite signs but these scenarios are not shown to retain clarity in the figure. As illustrated in these figures, the same general principles that apply to oxygen and carbon isotope discrimination also apply to clumped isotopes: the isotopic composition of non-equilibrium calcite depends on (1) the clumped isotope compositions of HCO participating in calcite growth, and (3) any increase or decrease in bond ordering that arises during all of the steps involved in ion transport into the mineral lattice, as quantified by the signs and magnitudes of B 1 and B 2 .
Implications
Inorganic calibrations of the clumped isotope thermometer
It is possible that many of the calcites grown experimentally have isotopic compositions that are offset from the true equilibrium value due to some combination of isotopic disequilibrium among DIC species, isotopic distillation of the DIC pool, pH effects, and growth rate effects. Two recent studies have made progress toward assessing the influence of one or more of these factors. Tang et al. (2014) grew inorganic calcite in an environment where pH and growth rate were controlled. They observed a relatively wide at a given temperature of about 0.006h, comparable to other experimental studies that lacked such controls (e.g., Ghosh et al., 2006a; Dennis and Schrag, 2010; Zaarur et al., 2013; Defliese et al., 2015) . This observation, in combination with the fact that the time required to achieve clumped isotope equilibrium among DIC species is about 10 h at 25 • C (cf. Affek, 2013; Clog et al., 2015; Tang et al., 2014) , suggests that an out-ofequilibrium DIC pool may be contributing to the scatter in the data from many previous studies in ways that are not well understood. According to our model, the data from Tang et al. (2014) would be unable to resolve the expected pH-or rate-dependence on 47 xtl , consistent with their findings. More recently, Tripati et al. (2015) grew calcite in the presence of the enzyme carbonic anhydrase, which promotes isotopic equilibration among DIC species, but since their experiments controlled neither pH nor growth rate, these results are also not directly comparable to model outputs. We anticipate that ongoing experiments designed to measure the pH-and rate-dependence of 47 of calcite grown from an isotopically equilibrated DIC pool will be useful for constraining the kinetic fractionation factors and interpreting data from previous inorganic calcite precipitation experiments. Meanwhile, the calculations presented thus far offer a semi-quantitative explanation for by only a few 0.001h. Larger differences, where observed, would require that B 1 and B 2 = 0, which could be a manifestation of isotopic disequilibrium among DIC species, as discussed further below.
Kinetic effects in forams, coccoliths, and deep-sea corals
An observation that has warranted considerable discussion is that planktic foraminifera, coccoliths, benthic foraminifera, and deep-sea corals exhibit large 'vital effects' with respect to δ 13 C and δ 18 O but little to no vital effect with respect to clumped isotopes (Tripati et al., 2010; Thiagarajan et al., 2011) . A number of hypotheses have been considered to explain this observation, including isotopic mixing of samples with different bulk isotopic compositions, incomplete exchange of carbon and oxygen isotopes among DIC species, diffusive transport of DIC species, and direct inheritance of isotopes from bulk DIC (Tripati et al., 2010; Thiagarajan et al., 2011) . The latter hypothesis has perhaps received the most support since it can explain (a) why so many different types of carbonates fall on the same 63 versus T calibration line (Tripati et al., 2010; Affek, 2012; Henkes et al., 2013; Hill et al., 2014) , (b) why there is no evidence for species-specific offsets in 47 xtl , and (c) why δ 13 C and δ 18 O are more sensitive to pH than 47 xtl . While this hypothesis may be approximately correct, there are clear instances where carbon and oxygen isotopes in carbonates are offset from the isotopic composition of DIC (Spero et al., 1997; Watkins et al., 2014) , which precludes the conceptual model wherein carbonates quantitatively precipitate DIC from a finite reservoir near the site of calcification (Tripati et al., 2010) . Our calculations show that quantitative precipitation is not required for a carbonate mineral to have the same clumped isotope composition as that of DIC. Instead, we propose that carbonate minerals may acquire a clumped isotope composition similar to that of DIC as a consequence of mass balance and the fact that clumped isotope compositions are calculated relative to a stochastic distribution based on the actual δ 13 C and δ
18 O values.
Kinetic effects in surface corals
The above conclusion does not directly address why some mollusks and brachiopods, surface corals, and speleothems are displaced from the main calibration line shared by other types of carbonates (Daëron et al., 2011; Saenger et al., 2012; Henkes et al., 2013; Eiler et al., 2014) . Focusing on surface corals, for which pH and growth rate are known (Saenger et al., 2012) , Fig. 7 shows the difference between the measured clumped isotope composition ( 47 meas ) and the expected clumped isotope composition ( 47 Hill ). Here, the calculated 63 xtl were converted to 47 xtl values using an AFF of 0.28 (acid digestion at 25 • C; Tripati et al., 2015) for the comparison to experimental data. The observation that has been made previously is that surface corals are shifted systematically to higher 47 values, and therefore lower apparent temperatures, than would be expected from several calibrations of the 47 -temperature relationship (Saenger et al., 2012; Eiler et al., 2014) . The current explanation for this shift is that hydration of excess CO 2 near the calcification site leads to a higherthan-equilibrium 47 of HCO − 3 which is then inherited by the organism. This conceptual model is quantified by the best-fit values being greater than 0, which means that the HCO as a result of all transport processes, including possible disequilibrium among DIC species, that ultimately lead to ion incorporation into the mineral.
is due to processes near the mineral surface such as desolvation, or whether it reflects an elevated 47 of HCO − 3 due to kinetics of (de-)hydroxylation and (de-)hydration reactions in the bulk solution. Like the kinetic fractionation factors for carbon and oxygen isotopes, the parameters are macroscopic in the sense that their values describe the net result of all processes contributing to mass fractionation during isotope exchange and mass transport to the growing mineral, including bond reordering at the mineralsolution interface (Tripati et al., 2015) .
Summary
We modified an existing ion-by-ion calcite growth model, which describes steady-state calcite growth through the attachment-detachment of Ca 2+ , HCO are treated as known quantities. Carbon and oxygen isotopic fractionation between calcite and aqueous solution arises through the isotopologue-specific attachment and detachment rates. The clumped isotope composition of calcite is calculated from the carbon and oxygen isotope composition and the mass fractionation behavior of the doubly-substituted isotopologue. Although the model is constructed on the basis of molecular building blocks of calcite, this does not imply that the isotopologues of HCO − 3 and CO 2− 3 are indestructible molecules that maintain their isotopic identity throughout the steps (e.g., aqueous diffusion, ion desolvation, surface diffusion and isotope exchange/reordering reactions at the aqueous-mineral interface) involved in ion incorporation into the growing mineral. The equations represent a self-consistent framework for calculating the carbon, oxygen, and clumped isotope composition of calcite as a function of temperature, crystal growth rate, and solution pH. The derivations and several example outputs presented herein lead to the following key points:
1. The equilibrium fractionation factor for the mass 63 isotopologue can be written as a function of the equilibrium fractionation factors for the mass 62 and mass 61 isotopologues. 2. We propose that the kinetic fractionation factor for the mass 63 isotopologue is equal to the product of the kinetic fraction-ation factors for the mass 62 and mass 61 isotopologues plus or minus some small deviation, denoted with the symbol , that is on the order of 10 −5 . 3. The parameters describe the extent to which the clumped isotope composition of HCO − 3 and CO 2− 3 become scrambled or unscrambled during the many steps involved in ion transport to and from the mineral surface. Like the kinetic fractionation factors for oxygen and carbon isotopes, the parameters are macro-scale parameters that describe the net result of all processes contributing to isotopic fractionation or re-ordering. 4. If the parameters are equal to zero, the clumped isotope composition of a rapidly-grown carbonate mineral is nearly equal to that of DIC. This may or may not be a common situation. Nevertheless, at the normal pH of seawater, the clumped isotope composition of DIC and equilibrium calcite differ by only 0.01h. Further, calcites grown at typical growth rates will have a clumped isotope composition between that of rapidly-grown carbonates and equilibrium calcite. This result offers a quantitative rationalization for how foraminifera, coccoliths, and deep sea corals can have near-equilibrium clumped isotope compositions but far-from-equilibrium carbon and oxygen isotope compositions (Tripati et al., 2010; Thiagarajan et al., 2011) . It may also help explain why so many different organisms (including those that precipitate aragonite instead of calcite) fall on the same clumped isotopetemperature curve(s). 5. In cases where the parameters are non-zero, the clumped isotope composition of a rapidly-grown carbonate mineral may deviate significantly from that of DIC. Such deviations may be the simple result of an unequilibrated DIC pool, but it is also conceivable that the parameters could be non-zero due to processes involved in the transport of HCO − 3 and CO 2− 3 to and from the mineral surface; i.e., surface reaction-controlled kinetic effects such as those described by the Tripati et al. (2015) conceptual model. 6. It is possible to match the rate-dependence observed in surface corals with positive parameters. This result does not conflict with previous proposals that kinetic clumped isotope effects in surface corals may be due to rapid hydration of excess CO 2 (Saenger et al., 2012; Eiler et al., 2014) . 7. For the model curves presented herein, we have assumed that the kinetic fractionation factors for carbon, oxygen, and clumped isotopes do not depend temperature or other factors such as pH or solution composition. This crude assumption may need to be relaxed if warranted by new experimental data. 8. A particularly useful set of experiments for comparison to previous inorganic calcite calibrations would involve monitoring the pH and growth rate, using a water buffered system with respect to oxygen isotopes, ensuring there is no isotopic distillation of the DIC pool, and ensuring that equilibrium among DIC species is at least approximately maintained during calcite growth. 9. While the model is built upon an existing framework that is specific to the mineral calcite, the steps involved in adapting the model for clumped isotopes should be useful to future developments of quantitative descriptions of non-equilibrium clumped isotope effects in other systems.
The attachment-detachment kinetics for the higher mass isotopologues differ slightly from those for the mass 60 isotopologue. The ratio of isotopologue-specific attachment frequencies can be used to define two kinetic (forward) fractionation factors, one for B 1 and one for B 2 as (see Eqs. 16a and 16b in Watkins et al., 2014) : 
A.2.2. Non-process-based stochastic ratio
With knowledge of the carbon and oxygen isotope composition of the crystal one can calculate the molar abundances (denoted with the symbol C ) of isotopes and isotopologues (last three columns of 
